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Abstract 
The PV/thermal (PV/T) technology is a system that uses work fluids to remove heat for use from PV cells. 
Compound parabolic concentrators (CPCs), as non-tracking concentrators when concentration ratios are 
below 3, are recognized as the suitable type of solar concentration device for building-integrated 
applications. In this study, we choose a new CPC-based PV/T system design with a U-type pipe as 
collector, and present a performance comparison between the common flat and the solar concentrating 
PV/T systems. The U-type pipe avoids the temperature gradient on the whole absorber and on every block 
cell, and simultaneously produces electricity using the same temperature. A series of PV and thermal 
outputs and efficiencies are simulated and calculated between different concentration ratios (1.5, 2, 2.5, 
and 3) of CPCs and common flat PV/T systems at different sunlight conditions. We can observe the 
influence of different concentration ratios and different absorber temperatures for the overall PV/T 
efficiencies of CPC-PV/T systems. At the same time, results show that the CPC-PV/T system with a U-
type pipe has not only reduced the quantity of photovoltaic-cells efficiently, but also provided a higher 
temperature heat for space heating or water heating. 
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1. Introduction 
Every year, 1.6–1.9 billion m2 of new buildings are completed in China [1]. Consequently, energy 
consumption, in terms of electricity, heating, and hot water production, is expected to increase rapidly. 
One important potential solution to the energy shortage is combining solar energy utilization and building  
design. However, photovoltaics (PV), the simplest way of generating electricity from solar irradiation, has 
two challenges in its application: low conversion efficiency (6%–15%) and high initial cost. At the same 
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time, the rest of the absorbed solar energy is dissipated as heat, which can cause a rise in PV cell working 
Nomenclatur
A          area, 
2m ρ       solar reflectivity 
Ac        glass-covered area, 
2m σ      Stefan-Boltzmann constant, 2/ ( )W m K⋅
C          specific heat, J/(kg K) Subscripts 
CR       concentration ratio a      ambient air 
D         diameter of a U-type pipe, m c      convective 
D         gap loss correction cb     under the surface of the absorber plate 
h          heat transfer coefficient,
2/ ( )W m K⋅ ct      on the surface of the absorber plate 
I         radiation intensity, 
2/W m f       fluid (water) 
L          length, m g      glass cover 
m         mass flow rate, kg/s i       input 
P          cover ratio of PV cells o      output 
T          temperature, oC P      absorber plate 
W         width, m pv     solar cell 
Greek pvt    electric and thermal 
α         solar absorptivity R      reflector 
η         efficiency r       radiative τ          solar transmissivity w      wind 
temperature and a subsequent drop in electrical conversion efficiency. To address this problem, Kern et al 
first introduced the concept of PV/thermal (PV/T) technology in 1978 [2]. A number of simulation and 
experimental studies on the PV/T system have been reported. Raghuraman [3] presented numerical 
methods that predict the performance of liquid and air PV/T flat plate collectors. Saitoh et al.[4] studied 
the performance of a glazed sheet-and-tube PV/T collector with brine as the coolant. Ji Jie and Pei Gang 
et al combined the PVT technology with heat pipe or heat pump, and made the meticulous research about 
them respectively, which expanded the application range of PV/T[5,6]. 
In recent years, PV technology has been widely recognized because it maximizes and improves 
photoelectrical conversion rates. PV technology produces the same amount of power, even when the 
number of PV cells used is less than the conventional number. In effect, a cost-effective and improved 
system is obtained. Non-tracking compound parabolic concentrators (CPCs) have been documented as the 
most suitable type of solar concentration device for building-integrated applications. Garg [7] analyzed 
the performance of a PV/T collector with integrated CPC troughs, and determined that the system 
performs better in the case of selective absorbers because of the reduction in radiative heat losses from 
absorber to glass cover. Mohd.Y.Hj. Othman et al. [8] designed and fabricated a prototype double-pass 
PV/T solar air collector with CPC and fins. The CPC increased the intensity of radiation falling on the 
solar cells, and the fins attached to the backside of the absorber plate improved heat transfer to the 
flowing air. These indicate that temperature is a main factor in the efficiency of PV cells, especially 
during increased solar radiation and when the temperature gradient on the absorber seriously affects the 
overall efficiency of a PV module. 
Li Guiqiang et al.\ / Energy Procedia 14 (2012) 343 – 350 345 Author ame / Energy Procedia 00 (2011) 000–000 
In this paper, an innovative PV/T system design, with PV-CPC as collector, is studied. To some 
extent, the U-type pipe avoids the temperature gradient on the whole absorber and on every block cell, 
and simultaneously produces electricity using the same temperature. Unlike in the case of PV/T-air and 
PV/T-water systems, the heat into which the solar radiation is converted in PV cells leads to a relatively 
stable temperature. Photovoltaic thermal efficiency can be simulated and calculated for various CPC 
concentration ratios between 1 and 3. At the same time, this study presents a comparison between the 
common flat and the solar concentrating PV/T systems to determine the suitability of CPC-based 
concentrating PV/T technology. Simulation results show that the new CPC-PV/T collector has more 
advantages than common flat collectors, such as on the overall thermal and electrical efficiencies and the 
quantity of photovoltaic-cells, and that the simultaneous use of a CPC-PV/T collector can significantly 
increase efficiency and reduce the quantity of photovoltaic cells.  
2. Fundamental structure and features   
glass cover
reflector
PV cells
absorber
U type pipe
outlet
U type pipe  inlet
insulation materials
Figure 1. PV/T-CPC module 
Figure 1 shows the innovative design schematics of a PV-CPC module. Layers of transparent Tedlar 
Polyester Tedlar (TPT), Ethyl Vinyl Acetate (EVA), single-crystalline silicon cells, and silica gel on the 
absorber plate can be found underneath the front glazing. These are the constituent layers of PV cells, 
which were earlier studied by Jie Ji et al. [9]. The U-type pipe is joined to the absorber by laser welding 
filler. Surrounding the U-type pipe are insulation materials.  
Fluids transfer heat from the absorber through the U-type pipe. To some extent, the pipe avoids the 
temperature gradient on the whole absorber; thus, every block cell above the absorber produces electricity 
simultaneously using the same temperature. This ensures PV system efficiency. Unlike a general straight 
pipe cooling system, a U-type pipe avoids the import and export regions of fluid pipes with different 
temperatures, which affect PV module efficiency. Therefore, studying the photovoltaic thermal efficiency 
of different concentration ratios and series of radiation intensities is reasonable and meaningful. In 
relation to this, the influence of different absorber temperatures on photovoltaic thermal efficiency under 
the same concentration ratio situations should likewise be studied.  
3. Theoretical analysis 
To simplify the theoretical analysis, the following assumptions are made: 
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●  A steady state of energy transfer is achieved. The capacity of the glass cover and the solar cells is 
neglected. 
●  The variation of n
−
 (average number of reflections for radiation passing through CPC inside an 
acceptance half-angle) with the incidence angle is small. Hence, n
−
 is treated as a constant during the 
whole analysis [7]. 
●  Thermal resistance between the cells and the absorber plate, as well as that between the absorber plate 
and the U-type pipe, is neglected. There is good contact between these parts. 
●  Side losses from the system are neglected. 
3.1 Energy balance 
The energy balance equations can be written as follows: 
(a) For the glass cover, 
2
(1 )
( ) ( ) ( ) ( )
n
to tg g p R
ct
g s g w g p g pr g s c gw c p g r pg
c
C RI
Ah h h hT T T T T T T TA
ρ ρα τ
−
− − − −
+
= − + − + − + −
,                          (1)      
where n
−
 is the average number of reflections for radiation passing through CPC inside an 
acceptance half-angle; tot B DI I I= +  is the total radiation; and 
1
sin
CR θ=  is the concentration ratio of 
CPC.
For the absorber, which consists of solar cells, plate, and U-type pipe, 
2
2
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where d is the gap loss correction. 
(b) For water in the U-type pipe, 
( )f f
p fc pf
x
mC dT
h T TDdπ −= − ,                                                                                                            (3)           
                                              
where D is the diameter of the U-type pipe. 
In the analysis, we solve the equation for water temperature with the help of the initial boundary 
condition,
( )
0
f a
x
x
T T=
= .
The radiative and convective heat transfer coefficients for the glass cover, absorber, water, and so on 
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can be calculated using the relations developed by F. P. Incropera et al. [10] and other researchers [11, 
12]. 
3.2 Performance parameters 
Solar cell efficiency depends on cell temperature as calculated by the formula 
[1 0.0054( )]
pv apv ref T Tη η= − − ,                                                                                            (4)  
                                                                                     
where 
14%
refη =  is the reference efficiency of the solar cell.  
Thermal efficiency is written as  
( )
o if
t
c tot
m dt
dt
C T T
A I
η −= ∫ ∫ .                                                                                                             (5)                       
4. Results and discussion 
Mathematical model calculations have been made for the PV/T-CPC module. An algorithm is used 
to predict water temperature in the channels [9]. The module parameters used are summarized in Table 1. 
Table 1. Input parameters for simulation 
Parameters Value
Glass cover absorptivity, 
gα 0.05 
Absorber plate absorptivity, 
pα
Solar cell absorptivity, 
pvα
0.95 
0.9 
Glass cover emissivity, 
gε
Absorber plate emissivity, pε
Glass cover transmitivity, 
gτ
Reflector reflectivity, 
Rρ
Glass cover reflectivity, 
gρ
Absorber plate reflectivity, 
pρ
0.88 
0.95 
0.9 
0.94 
0.05 
0.05 
Cover ratio of PV cells, P 
Average number of reflections for radiation 
passing through CPC inside the acceptance 
half-angle, n
−
0.52 
                           0.61 
The simulation results of the structure include the following: glass cover shape dimension, 0.3*2.0 m 
(W*L); and U-type pipe shape dimension, 0.015*4.0 m (D*L). The simulation results of the 
environmental parameters are as follows: ambient temperature, 20 °C; inlet water temperature, 20 °C; and 
wind speed, 2 m/s.  
Fig. 2 shows the thermal and electrical efficiencies between concentration ratios of 1 to 3 at a 
radiation intensity of 600 W/m2 and a mass flow rate of 0.0015 kg/s. When the concentration ratio is 1, 
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the system is equivalent to a flat collector. In Fig. 3, we can see that the thermal efficiency increases and 
electrical efficiency decreases with an increase in concentration ratio. The overall PV/T efficiencies are  
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Figure 2. Thermal and electrical efficiencies at different concentration ratios 
higher by about 28% (at a concentration ratio of 3) than that of the flat collector. The PV/T-CPC collector 
has some advantages in terms of overall PV/T efficiencies. With increasing concentration ratio, the 
overall PV/T efficiencies also increase.  
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Figure 3. Efficiency and outlet water                                                                  Figure 4. Mass flow rate of one module 
 temperature at different radiation intensities                                                             at different outlet water temperatures 
Fig. 3 shows obvious differences between thermal efficiency, electrical efficiency, and outlet water 
temperature at the same concentration ratio of 2.5. Although the thermal and electrical efficiencies change, 
the overall PV/T efficiency change is only 1.8% higher at a radiation intensity of 800 W/m2 compared 
with that at 400 W/m2.
Fig. 3 also shows a significant change in outlet water temperature at different radiation intensities. At 
a mass flow rate of 0.0015 kg/s, the outlet water temperature is only 42.1 °C at a radiation intensity of 
400 W/m2, but can reach 64.7 °C at a radiation intensity of 800 W/m2, which can meet higher 
requirements to satisfy the energy demand of buildings.  
Fig. 4 shows a changing trend in mass flow rates in a series of concentration ratios at a radiation 
intensity of 800 W/m2, when the outlet water temperature stabilizes. It is obvious that mass flow rate 
decreases with increasing outlet water temperature. In addition, the mass flow rate at a concentration ratio 
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of 3 is higher compared with that at a lower concentration ratio, when the outlet water temperature is the 
same. At the same time, although an increase in mass flow rate leads to a decrease in outlet water 
temperature, the collector thermal efficiency gets correspondingly higher because of a decrease in the 
average temperatures of the absorber plate and the glass cover, thereby reducing losses. As such, 
increasing the mass flow rate ensures system cooling effectiveness and improves thermal efficiency.  
Table 2. Efficiency and cell area in a series of concentration ratios 
 Outlet water 
temperature/°C 
Thermal 
efficiency 
Electrical 
efficiency 
Solar cell 
area/m2
C=1 30 °C 0.573 0.127 0.312 
 40 °C 0.523 0.120  
 50 °C 0.469 0.114  
 60 °C 0.407 0.107  
C=1.5 30 °C 0.620 0.126 0.208 
 40 °C 0.586 0.119  
 50 °C 0.549 0.113  
 60 °C 0.508 0.106  
C=2 30 °C 0.647 0.126 0.156 
 40 °C 0.621 0.119  
 50 °C 0.594 0.112  
 60 °C 0.564 0.105  
C=2.5 30 °C 0.664 0.126 0.125 
 40 °C 0.644 0.119  
 50 °C 0.622 0.111  
 60 °C 0.598 0.104  
C=3 30 °C 0.676 0.126 0.104 
 40 °C 0.659 0.118  
 50 °C 0.641 0.111  
 60 °C 0.622 0.104  
Table 2 shows the thermal and electrical efficiencies, as well as the solar cell area, of a module when 
the outlet water temperature is 30, 40, 50, and 60 °C at a radiation intensity of 800 W/m2 between 
concentration ratios of 1 to 3. The higher concentration ratio matches the higher overall PV/T efficiencies 
when the outlet water temperature is the same. At the same time, the module with a higher concentration 
ratio has a higher outlet water temperature, a higher thermal efficiency, and a lower electrical efficiency. 
Solar concentration may be integrated into a PV/T system to reduce PV size and, hence, PV cost. If 
the concentration ratio is higher, there is a smaller solar cell area. If the concentration ratio is 3, for 
example, 66.7% of solar cells can be saved compared with common flat PV/T systems. Due to 
photovoltaic cells expenses occupied most of PV/T expenses, which hinted the economic suitability of 
using CPC-based concentrating PV/T technology in addressing the energy consumption problems of 
buildings. 
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5. Conclusion 
A new PV/T system design, with CPC as collector, is studied. The U-type pipe guarantees that the 
temperature of the absorber plate is controlled for distribution uniformity and stability. The developed 
steady state model predicts the thermal and electrical performances of the new CPC-PV/T collector with a 
U-type pipe. The results show that, with an increase in concentration ratio and when the system has the 
same temperature as the water, thermal efficiency increases and electrical efficiency decreases. At the 
same time, this study presents technical and photovoltaic-cells quantity comparisons between the 
common flat and the solar concentrating PV/T systems to determine the suitability of CPC-based 
concentrating PV/T technology. Simulation results show that the new CPC-PV/T collector has more 
advantages than the common flat collector, such as on the overall thermal and electrical efficiencies and 
the quantity of photovoltaic cells. The use of a CPC-PV/T collector can significantly increase the 
efficiency and reduce the quantity of photovoltaic cells.  
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